Introduction
Over a period of several years we have developed theoretical models, of increasingly wider applicability, that describe the rotational and vibrational motion of polyatomic molecules in isolated electronic states. Our initial work was concerned with XY 3 ammonia-type molecules and led to the XY3 theoretical model and computer program for calculating the rotation-vibration energies [1] [2] [3] , and simulating the rotation-vibration spectra [4] [5] [6] [7] for such molecules. The XY3 approach is entirely variational in that the rotation-vibration energies and wavefunctions are obtained by diagonalization of a matrix representation of the rotation-vibration Hamiltonian, constructed in a suitable basis set. The rotationvibration Hamiltonian employed is based on 'spectroscopic' ideas: Following the theory of Hougen et al. [8] , small-amplitude vibrational motion is described in terms of displacements from a reference structure which follows the large-amplitude inversion (umbrella-flipping) motion of an NH 3 -type molecule. The XY3 rotation-vibration Hamiltonian is expanded as a power series in the coordinates describing the small-amplitude vibrations.
More recently, we have implemented ideas similar to those of the XY3 approach in the more general program TROVE (Theoretical ROtation-Vibration Energies) [9] which, at least in principle, can calculate the rotation-vibration energies [9] , and simulate the rotation-vibration spectra [10] , for any molecule in an isolated electronic state. Also in the TROVE model, the rotation-vibration Hamiltonian is expanded as a power series in small-amplitude vibrational coordinates describing vibrational displacements from a reference configuration which can be rigid, as in customary, spectroscopic rotation-vibration theory [11] or flexible as in the Hougen-Bunker-Johns theory [8] .
We have applied the XY3 and TROVE programs to a series of XH 3 molecules (X= N,P,As,Sb,Bi) [1, 2, [5] [6] [7] 10, [12] [13] [14] [15] [16] [17] . Also, TROVE has been used to predict and interpret the complicated torsional splittings of the HSOH molecule [18] , to explain an intensity anomaly observed in this molecule [19, 20] and to predict highly excited rotational energies in deuterated isotopologues of BiH 3 , SbH 3 , and AsH 3 [21] . The theoretical calculations of rotation-vibration energies and intensities are generally based on ab initio potential energy surfaces (PES) and dipole moment surfaces (DMS); in some instances we have refined the analytical representations of the PES in simultaneous least-squares fittings to experimentally derived vibrational energy spacings and ab initio data.
Our studies of the various XH 3 molecules (X= N, P, As, Sb, Bi) have had a different emphasis. For NH 3 , the potential energy barrier to inversion is easily surmountable and energy splittings resulting from the inversion are readily observable. Thus, in the description of the vibrational motion of NH 3 it is imperative to account correctly for the strongly anharmonic inversion motion. NH 3 is an important molecule in astrophysical and atmospheric contexts and, to facilitate studies in these areas, there is interest in accurate predictions of its rotation-vibration spectra. Thus, our investigations of NH 3 have been generally focused on producing such predictions [1, 4, 5, 13] ; this work has culminated in a recent project aimed at the generation of a so-called line list (a database of NH 3 transition wavenumbers and line strengths to be used in astrophysical and atmospheric work) for NH 3 by means of the TROVE program [10] . The remaining molecules in the XH 3 series, PH 3 , BiH 3 , SbH 3 , and AsH 3 , are of less astrophysical importance than NH 3 (although PH 3 was observed in Jupiter and Saturn [22] and an intensive search of the interstellar and circumstellar medium is being carried out [23] ). They have high potential energy barriers to inversion so that the inversion motion is effectively replaced by a small-amplitude bending motion. These molecules, however, show distinct local mode behavior [17, 24, 25] and we have predicted theoretically that, in consequence, they exhibit energycluster formation at high rotational excitation [6, 12, 15] . Our theoretical studies of these molecules have been generally aimed at providing predictions for laboratory spectroscopy with the hope of facilitating the experimental characterization of the energy cluster states. In particular, quite recently [21] we have carried out TROVE calculations for singly and di-deuterated isotopologues of PH 3 , BiH 3 , and SbH 3 (together with some effectiverotational-Hamiltonian calculations for AsH 2 D and AsHD 2 ), demonstrating for the first time that some of these isotopologues have energy clusters.
In the present paper, we extend our previous work on stibine SbH 3 [15] , in particular by computing values for the electric dipole transition moments based on a new ab initio DMS and on a 'spectroscopic' PES that is determined by least-squares fitting to available experimentally derived vibrational energies, using an ab initio PES [15, 26, 27] as starting point. To calculate the ab initio DMS we used the CCSD(T) method in conjunction with the pseudopotential ECP46MWB [28] and the SDB-aug-cc-pVTZ basis [29] to describe the Sb atom and the aug-cc-pVTZ basis set [30] to describe the hydrogen atoms. With the new DMS and the refined PES, we have carried out calculations of vibrational and rovibrational states for the 121 SbH 3 isotopologue, and we have simulated the spectrum of this molecule in the wavenumber range 0-8000 cm À 1 . In order to improve the agreement with experiment of the synthetic absorption spectrum, the empirical basis set correction (EBSC) was utilized [10] , in which the vibrational energies were shifted to the experimental values in the rovibrational calculations (see the text below for details). In addition, the energy level pattern resulting from the cluster formation has been qualitatively analyzed in terms of local-mode theory.
The first experimental spectroscopic study of stibine was made in 1951 by Loomis et al. [31] various fundamental levels were characterized by Can e et al. [27] . On the theoretical side, Halonen et al. [34, 35, 37] complemented their experimental studies of stibine by computing vibrational energies by means of local-mode models. Another local mode analysis of the vibrational energies of stibine was carried out by means of the creation and annihilation operators technique [41, 42] . Ab initio studies [26, 27] were performed to calculate the PES, the dipole moments, the equilibrium geometries, and effective rotation-vibration constants for 121 SbH 3 and 123 SbH 3 , and 123 SbD 3 . Pluchart et al. [43] used their algebraic approach to describe vibrational modes of SbH 3 . Liu et al. [44] reported an ab initio three-dimensional Sb-H stretching DMS of SbH 3 together with band intensities for stretching bands below 11 000 cm À 1 . Even the most recent ab initio PESs of stibine computed at state-of-the-art level of theory [27] are not sufficiently accurate for spectroscopic applications. This situation is usually resolved by adjusting the PES empirically in fits to experimental data. A number of 'spectroscopic' PESs of stibine [35, 37, 41, 43] have been obtained by least-squares fitting to the available experimental band centers.
In the present work we report calculations that aim at an improved theoretical description of the vibrationrotation spectrum of stibine. We start from an ab initio PES of stibine [27] and refine it by fitting to the available experimental band centers. We also compute a new six-dimensional ab initio DMS of SbH 3 , which is utilized for simulating the absorption spectrum at an absolute temperature of T=300 K.
The structure of this paper is as follows. In Section 2 we describe the variational procedure used for the nuclear-motion calculations; in Section 3 the refinement of the PES is presented; in Section 4 we report theoretical absorption intensities of 121 SbH 3 (T= 300 K); and a local mode analysis is performed in Section 5. In Section 6 we give some conclusions.
Computational details of the variational TROVE calculation
We have used the variational program TROVE [9] to calculate the rovibrational energies, eigenfunctions, and matrix elements of the electric dipole moment of 121 SbH 3 ;
these quantities are necessary for the simulation of the absorption spectrum. In the variational calculation, a matrix representation of the rotation-vibration Hamiltonian is diagonalized. This matrix is set up in terms of a symmetry-adapted contracted basis set constructed as follows. We prepare primitive basis functions as products [46, 47] , the one-dimensional (1D) Schrödinger equation [9] for the vibrational motion associated with the coordinate q i 2 fr
3 g, when the other coordinates are held fixed at their equilibrium values. The 1D functions could also be chosen so that they describe a 1D motion along a minimum energy path with all other coordinates relaxing so as to minimize the potential energy; such 1D functions are generated in the semi-rigid bender (SRB) approach first proposed by Bunker and Landsberg in 1977 [48] . The SRB-generated 1D functions may be slightly better approximations for the true wavefunctions than the 'rigid-bender-type' 1D functions [48] we use here. However, they are more complicated to generate and normally produce only a modest gain in computational efficiency for the total variational calculation. The basis set functions f n i ðq i Þ are used in a variational solution of the J= 0 vibrational problem:
whereĤ vib is the vibrational (J=0) Hamiltonian . (2) the G lm are kinetic energy factors (which depend on the vibrational coordinates), U is the pseudopotential, and V is the molecular potential energy function [9] . We use here the type of Hamiltonian where all vibrations are described as displacements from a rigid reference configuration, i.e., the Hamiltonian is given as an expansion around the equilibrium geometry (see below). In this case our G lm matrix elements coincide with the Wilson G matrix elements [49] . Since the Hamiltonian is totally symmetric [45] in C 3v ðMÞ, its eigenfunctions C G J ¼ 0,g are automatically symmetrized, i.e., they must necessarily transform according to one of the irreducible representations of C 3v ðMÞ. The details of our approach to recognizing and analyzing the symmetries of the can be substituted by the available experimental values [10] . This so-called empirical basis set correction (EBSC) scheme was introduced in Ref. [10] , where it was used to improve the agreement with experiment for the synthetic spectra. We also employ the EBSC approach in the spectrum simulations of the present work.
In order to define the TROVE Hamiltonian we must define the expansion orders for its kinetic-energy and potential-energy parts. The expansions of G lm and U in the coordinates fr
3 g, are truncated after the 6th-order terms while the expansion of V in the coordinates fx
3 g is truncated after the 8th-order terms. Here
À 1 is a Morse parameter and r e is the equilibrium bond length. In TROVE the size of the basis set, and therefore the size of the Hamiltonian matrix, is controlled by the polyad number defined as
where the local-mode quantum numbers n i are defined in connection with the primitive basis functions f n i . That is, we include in the primitive basis set only those combinations of f n i for which P r P max . In present work we use P max = 12 for the calculations of vibration energies J =0, including those made in connection with the empirical refinement of the PES, and P max = 10 for the intensity simulations. The smaller P max -value used for the simulations helps to make the computation of highly excited rotational states (with J r30) feasible. The largest rotation-vibration matrix block to be diagonalized (J= 30, P max = 10) had a dimension of 36 720 and was associated with the basis functions of E symmetry.
Recently a full-dimensional variational study of NH 3 based on the exact kinetic energy operator approach was reported by Má tyus et al. [50] . To confirm the consistency of their results with those obtained from the TROVE approach, we recalculated the vibrational term values of NH 3 using the same PES [51] as in Ref. [50] and tight convergence criteria. The basis set and truncation orders of the Hamiltonian were selected in such a way as to guarantee convergence to better than 0.1 cm À 1 . For the 69 energies below 6000 cm À 1 reported in 
Refinement of the ab initio potential energy surface
As starting point for the SbH 3 calculations of the present work we use the high-level ab initio PES by Breidung and Thiel, reported in the paper by Can e et al. [27] . Originally, this PES was given as a standard force constant expansion in terms of the symmetry-adapted coordinates [27] . In connection with recent XY3 calculations aimed at investigating the energy-cluster formation in SbH 3 [15] , it was transformed to the expansion [3]
in the coordinates x k : 
We also use this latter expansion in the present work.
In Table 1 we include the available, experimentally derived vibrational term values for 121 SbH 3 (the column labeled 'Obs.') up to 8000 cm À 1 . The table uses two labeling schemes for the molecular states, one based on the standard normal-mode, harmonic-oscillator quantum numbers and the other one based on local mode, Morseoscillator quantum numbers [37, 41, 42] . Lemus et al. [41, 42] demonstrated that the bending vibrations in stibine are predominantly of normal mode character, whereas the stretching vibrations are most appropriately described by local mode quantum numbers.
The ab initio PES, when used as input for TROVE, produces vibrational energies in rather modest agreement with the available experimental values as seen by comparing the columns labeled 'Obs.' and 'Calc. I' in Table 1 . Thus, for the fundamental term values, deviations up to 17 cm À 1 are found. This accuracy is too poor for most applications. We can improve the agreement with experiment by constructing a 'spectroscopic' PES. Towards this end, we refine the ab initio potential parameters [15] of SbH 3 in simultaneous least-squares fitting [2, 14] to the available experimentally derived vibrational energy spacings [37, 40] and to the ab initio data [26] . The fitting employs TROVE calculations of vibrational energies made with the P max = 12 basis set. Following Lummila et al. [37] we discard from the fitting some experimentally derived vibrational energy spacings with high uncertainty (Table 1) . Obviously, there are quite few experimentally derived vibrational energy spacings of acceptable accuracy and because of this, a fitting only to these data points would allow the determination of very few potential energy parameter values only. In practice, however, we have been able to obtain values for all relevant potential energy parameters by fitting not only to the experimentally derived vibrational term values but also to the ab initio data [26] . In the final fitting to 6455 ab initio energies and 14 experimental band center values we could usefully vary 48 potential energy parameters whose optimized values are given in Table 2 . During the fitting, the ab initio data serve to define the potential energy function in coordinate regions not sampled by the wavefunctions of the experimentally characterized vibrational states.
The vibrational term values calculated with TROVE from the refined, spectroscopic PES are included in energy of 4545 cm À 1 . Following Lummila et al. [37] we include neither this level nor the level at 4513 cm À 1 in the input for the fitting because of the uncertainties of the corresponding term values. In the spectral region around 4500 cm À 1 there is a high density of vibrational states and so we 'assigned' the two uncertain levels to the theoretically calculated levels that are closest in energy and give rise to strong vibrational transitions from the vibrational ground state, the strength of these transitions being obtained from theoretically calculated intensities (see below).
It should be noted that the correct determination of the molecular equilibrium structure is of special importance for accurate spectrum simulations [10] . In the case of the rigid molecule SbH 3 it is fortunate that the experimental values [38] for the bond length r e = 1.70001
A and the bond angle a e ¼ 91:5566 3 are highly accurate. This is illustrated in [39] without taking into account the hyperfine structure.
Electric dipole transition moments and intensities
As a prerequisite for the intensity simulations we have computed the ab initio dipole moment surface for SbH 3 employing CCSD(T) (coupled cluster theory with single and double excitations [52] augmented by a perturbational estimate of the effects of connected triple excitations [53] ) as implemented in MOLPRO2002 [54, 55] . We employed a level of ab initio theory similar to that of Ref. [27] . We used a large-core pseudopotential [28] (ECP46MWB) adjusted to quasi-relativistic Wood-Boring [56] all-electron energies to describe the Sb atom in conjunction with the SDB-aug-cc-pVTZ basis [29] . For the hydrogen atoms, we used the aug-cc-pVTZ basis set [30] . In order to account for core-valence correlation effects, the ECP46MWB pseudopotential was supplemented by a core-polarization potential (CPP) in the present CCSD(T) calculations (see also the discussion in Ref. [27] ). Dipole moments were computed by a numerical finite-difference procedure with an added external dipole field of 0.001 a.u.
We initially use the ab initio dipole moment data to generate an analytical representation of the DMS. For this, we employ the molecular bond (MB) representation [4, 5, 57, 58] as defined in Eq. (35) of Yurchenko et al. [4] . The MB representation is based on the dipole moment projections ðl Á e j Þ (where e j is a unit vector directed along the Sb-H j bond and pointing from Sb towards H j ) onto the bonds of the molecule. It defines the DMS completely in terms of the instantaneous positions of the nuclei [4] 
In Table 4 the dipole moment parameters for the electronic ground state of SbH 3 are listed. Fitting Eq. (14) through 3 Â 5000 ab initio data points, we obtained an rms error of 0.001 D by varying 112 parameters. Fortran routines for calculating the dipole moment components are provided as supplementary material. The new ab initio dipole moment function will be referred to as SDB-TZ.
Once the components of the electronically averaged dipole moment m a (a ¼ x,y,z) along the molecule-fixed axes xyz [3, 9] are expressed as functions of the internal molecular coordinates, the matrix elements of the dipole moment components between the molecular eigenfunctions can be obtained. For intensity simulations of the PES and the ab initio SDB-TZ DMS in conjunction with the theory described by Yurchenko et al. [4] . We follow the procedures described in Ref. [4] and compute the line strengths (in units of D 2 ), and the integrated absorption coefficients (in units of cm/mol) for individual rotationvibration transitions of 121 SbH 3 at T=300 K. In the intensity simulations we considered all transitions within the wavenumber window 0y8000 cm À 1 with lower states having term values o4000 cm above the ground state. It should be noted that the upper simulation limit (8000 cm À 1 ) is beyond the range in which our PES is optimized (to 7000 cm À 1 ). We have obtained 3 286 305 lines with absorption intensity Iðf 'iÞ 40:001 cm=mol [corresponding to 4 Â 10 À 8 cm À 2 atm À 1 ] at T= 300 K. The eigenfunctions and eigenvalues required for the spectrum simulations were computed with the P max = 10 basis set. The EBSC [10] approach was used in order to improve empirically the agreement with experiment of the theoretical spectrum, in which we substituted the theoretical vibrational band centers E vib g in Eq.
(1) by the corresponding experimental values. For more details on the intensity calculations see Ref. [10] .
For the calculation of the integrated absorption coefficients Iðf 'iÞ (see Ref. [4, Eq. (6)]) we require the partition function Q given by [45] Table 4 The MB-representation dipole moment parameters [4, 5] where g ns is the nuclear spin statistical weight, E i is a rovibrational term value obtained through diagonalization of the Hamiltonian matrix, k is the Boltzmann constant, h is the Planck constant and c is the speed of light. , respectively [38] , and so we have Fig. 1 . We estimate that in terms of the vibrational basis set (i.e., P max = 10), Q is converged to better than 0.1%. The results of the simulations (line strengths, Einstein coefficients, and absorption intensities) are included in the supporting information along with a Fortran program to generate a synthetic spectrum. As an illustration, we show in Fig. 2 the strongest absorption bands from the chosen wavenumber window. In the same figure the complete spectrum (with wavenumbers from 0 to 8000 cm À 1 ) is also depicted with a logarithmic ordinate scale. The complete SbH 3 list is also available electronically in compressed form at http://www.spectrove.org.
In Table 5 the vibrational transition moments
for a number of selected transition lines are given. In Eq. The electronically averaged dipole moment functions m a in Eq. (18) are derived from the ab initio dipole moment surface SDB-TZ (Table 4) . We have computed the transition moments in Eq. (18) for all vibrational transitions that are relevant for the T= 300 K absorption spectrum. The strength of the vibrational band at a given temperature [59, 60] is
where E i and E f are the band centers of the initial and final states, respectively, and Table 5 we have compiled the transition moments of stibine that correspond to band strengths S vib ðf 'iÞ 4 0:02 cm À2 atm À1 . The complete list of computed transition moments and band strengths is given in the supporting information.
In Table 6 we list relative vibrational intensities for a number of vibrational bands and compare them with the corresponding experimental values from Ref. [35] and with other theoretical values [35, 44] . For all transitions with available, experimentally derived intensity values (Table 6 ), the present work has improved the agreement with experiment significantly relative to the previous calculations [35, 44] .
Local mode analysis: comparison of SbH 3 and PH 3
It is well known that the local-mode character of molecules such as phosphine and stibine manifests itself in their geometries, energy level patterns, potential energy and dipole moment surfaces as well in their transition moments (see, for example, Refs. [24, 25] and our recent local mode analysis of PH 3 in Ref. [17] ). It is also generally accepted that for molecules with local-mode character, the local-mode quantum numbers represent a more adequate labeling scheme for the molecular states, especially for the stretching modes. In the case of stibine this has been shown in Refs. [34, 35, 37, 42] .
Here, we compare the local-mode characters of phosphine PH 3 and stibine 121 SbH 3 . We expect that stibine exhibits a stronger local-mode character than phosphine, due to the very large mass of the central atom in stibine. Besides, the equilibrium interbond angles of 121 SbH 3 are 91.61 [38] and so they are closer to 901 than the corresponding angles of PH 3 which are 93.41 [61] . In Fig. 3 the vibrational stretching energy patterns for stibine and phosphine are compared up to the polyad 4, where the pure stretching term values are plotted relative to the lowest state in each polyad and labeled according to the local-mode scheme. The theoretical PH 3 energies are taken from Ref. [17] , while the stibine energies are from the present work. The local mode effects become stronger with increasing stretching excitation. This is visible in Fig. 3 , where the local-mode degeneracies (for example, of the lowest two levels in each polyad) generally get more pronounced as the polyad number increases. The lowest energy in the polyad has the local-mode label (n,0,0); it is the 'most local' level in the polyad. The higher energies in the polyad correspond to states with a higher degree of mixing between local-mode basis states; these states are less local. However, this energy pattern can be perturbed by the presence of bending levels, especially in the high Table 6 Experimental and calculated relative intensities of 121 SbH 3 for transitions from the vibrational ground state to pure stretching states. Tables 1 and 5 unless otherwise  indicated. b Observed relative intensities [35] . c Calculated relative intensities [35] . d Calculated relative intensities [44] . e Relative intensities calculated in the present work from the S vib ðf 'iÞ values in energy regions with a high density of states. For more details see, for example, the review [25] . Comparing the energy differences of (n,0,0) states in the local mode diagrams of stibine and phosphine in Fig. 3 , stibine shows a more pronounced local mode character than phosphine. We also note that in stibine, the stretching vibrations are more harmonic than in phosphine. This is manifest in the smaller energy spread of each polyad. It was shown in Ref. [17] that according to local-mode theory, the vibrational transition moments for the pure stretching states obey the following simple rule: j/n00; Ejlj000; A 1 Sj ¼ 2j/n00; A 1 jlj000;
where n is the stretching local quantum number and j/n00; Gjlj000; G Finally, in Ref. [17] it was shown that the local mode transition moments /0jlj200; A 1 S and /0jmj100; A 1 S satisfy the following condition: j/0jrj2Sj j/0jrj1Sj % j/0jlj200; A 1 Sj j/0jlj100;
where j/0jrj2S is the matrix element of one of the stretching coordinate r i (i= 1,2,3) on the corresponding 1D stretching function represented by the Morse oscillator. For 121 SbH 3 we obtain j/0jrj2Sj j/0jrj1Sj % 0:09 and j/0jlj200; A 1 Sj j/0jlj100; A 1 Sj % 0:11,
so that the relation in Eq. (23) is better obeyed than in the case of PH 3 , where the corresponding quantities were 0.05 and 0.11, respectively.
Summary and conclusion
We have reported here a new PES for SbH 3 , obtained by empirical refinement of an ab initio PES [27] , together with a new ab initio DMS, computed with the CCSD(T) method as described in Section 4. The new PES and DMS have been used as input for the program TROVE [9] to compute the vibrational energies of 121 SbH 3 up to 8000 cm À 1 and to simulate the rovibrational spectrum of this molecule in this wavenumber region.
Initially, we calculated the vibrational energies using the high-level ab initio PES reported by Can e et al. [27] . The resulting energy values were too large and still far from spectroscopic accuracy. Consequently, an empirical refinement of the PES was performed through a simultaneous fit to the ab initio data from Ref. [27] and the available vibrational term values [2] . With the refined PES, we obtained vibrational term values in good agreement with the experimental values. The energies and intensities obtained with the resulting PES and the new DMS were used in a local-mode analysis of 121 SbH 3 whose localmode behavior was compared to that of phosphine [17] . For stibine, only very limited experimental spectroscopic data is available which do not suffice to determine uniquely the PES in an appreciable volume of configuration space. In particular, there is a paucity of experimentally characterized excited bending levels and levels involving simultaneous excitation of bending and stretching. Therefore, it is impossible to derive a suitable spectroscopic PES purely from experimental data so that a simultaneous fitting to ab initio data and the available experimentally derived vibrational energies is inevitable. ) are plotted relative to the lowest state in each polyad. The stretching states are labeled by the local-mode labels (n 1 , n 2 , n 3 ).
In view of the good agreement with the available experimental data obtained with the refined PES and the new ab initio DMS, we are confident that we can accurately predict the energies and the intensities of transitions not yet observed, for example those involved in 121 SbH 3 polyads at higher energies as well as the missing bending and bend-stretch levels at lower energies, in particular if we use the CVBS extrapolation method for this purpose [16] . Also, we can make predictions for other isotopologues such as 123 SbH 3 , for which there is a dramatic lack of experimental data (see Ref. [27] ) and only limited theoretical information [27, 35] . We hope that the predictions of the present work will encourage new experimental investigations of 121 SbH 3 and its isotopologues.
